Previous studies have demonstrated that the prognosis of disseminated mucinous appendiceal neoplasms is highly dependent upon tumor grade. Reflecting this, the 7th edition of the American Joint Committee on Cancer (AJCC) staging system now incorporates a three-tier grading system for prognostic staging of mucinous appendiceal tumors. However, the grading criteria are not well described. In order to address this issue, we evaluated clinicopathologic and molecular features of 219 cases from 151 patients with widely disseminated appendiceal mucinous neoplasia treated at our institution between 2004 and 2012. We identified histologic features that were associated with worse overall survival on univariate analysis: destructive invasion, high cytologic grade, high tumor cellularity, angiolymphatic invasion, perineural invasion, and signet ring cell component (all with Po0.0001). We used these morphologic characteristics to classify neoplasms into three grades: AJCC grade G1 lacked all adverse histologic features; AJCC grade G2 had at least one adverse histologic feature (except a signet ring cell component); and AJCC grade G3 were defined by the presence of a signet ring cell component. Patients with AJCC grade G2 and grade G3 adenocarcinomas had a significantly worse prognosis compared with AJCC grade G1 (Po0.0001 for each). A trend toward worse overall survival was identified for patients with AJCC grade G3 adenocarcinomas compared with AJCC grade G2 adenocarcinomas (P ¼ 0.07). Our multivariate analysis found that this three-tier grading system was a significant predictor of outcome (P ¼ 0.008), independent of other prognostic variables. After controlling for other prognostic variables, AJCC grade G2 was associated with a 2.7-fold increased risk of death (95% confidence interval (CI), 1.2-6.2) and AJCC grade G3 was associated with a 5.1-fold increased risk of death (95% CI, 1.7-14) relative to grade G1 tumors. Our results indicate that evaluation of a limited set of adverse histologic features allows for the separation of disseminated mucinous neoplasms of appendiceal origin into three morphologically defined and prognostically relevant grades as advocated by the AJCC.
evident, diffuse, intra-abdominal mucinous ascites involving the peritoneal surfaces, develop as a result of a mucinous neoplasm arising in the appendix. [1] [2] [3] [4] [5] Several studies have demonstrated that disseminated appendiceal mucinous neoplasms exhibit a wide spectrum of clinical behavior, ranging from neoplasms which are relatively slow-growing but with considerable risk for recurrence and eventual death and those neoplasms that are highly aggressive with increased likelihood of early death. [6] [7] [8] [9] [10] [11] There are multiple clinical factors that influence survival in patients with disseminated mucinous appendiceal neoplasms, but pathologic grade has repeatedly been shown to be an independent prognostic factor. [6] [7] [8] [9] 11, 12 Proposed terminology for lowgrade tumors has included disseminated peritoneal adenomucinosis, 11 low-grade mucinous carcinoma peritonei, 7 low-grade mucinous neoplasm, 8, 9 and well-differentiated mucinous adenocarcinoma. 13 Terminology proposed for high-grade tumors has included peritoneal mucinous carcinomatosis, 11 high-grade mucinous adenocarcinoma, 14 and highgrade mucinous carcinoma peritonei. 7 Given the divergent treatment approaches that may be used, it is imperative that the diagnostic pathology report attempt to unambiguously differentiate mucinous neoplasms that are likely to behave in an indolent fashion from those that are likely to behave aggressively. For patients with clinically indolent, low-grade disease, cytoreductive surgery with a goal of dramatically reducing or eliminating all tumor burden has been shown to substantially prolong survival. [15] [16] [17] [18] [19] [20] Systemic chemotherapy is believed to be of little benefit for most patients with indolent peritoneal disease. 12, 15, 21 For patients with disseminated high-grade mucinous adenocarcinoma that is likely to pursue a more aggressive clinical course, the inherent risks of aggressive surgical debulking and cytoreduction must be carefully considered against the reduced likelihood of prolonged survival. Although its effectiveness is not well established, systemic chemotherapy is more likely to be incorporated into a multimodal treatment strategy for tumors that are judged to be clinically aggressive. 15, 22, 23 In an attempt to codify the diagnostic terminology of appendiceal mucinous neoplasms, both the 4th edition of the World Health Organization (WHO) Classification of Tumors of the Digestive System and the 7th edition of the American Joint Committee on Cancer (AJCC) Staging Manual now differentiate low-grade mucinous neoplasms from high-grade, but they differ in their terminology and grading schemes. 24, 25 The WHO identifies morphologic characteristics (architecture, cytology, presence of signet ring cells and mitotic activity) that can be used to classify low-and high-grade tumors. 6 The three-tiered approach adopted by the AJCC (lowgrade tumors are classified as grade G1, but highgrade tumors may be classified as grade G2 or grade G3) would appear to offer a necessary refinement. Unfortunately, the AJCC did not provide any criteria that should be used to classify tumor grade nor were any studies cited that could be used as a guide for tumor grading. The only citation, Bradley et al., 7 concluded that a two-tiered system was preferable to a three-tiered system. The AJCC system also uses the descriptive terminology well-, moderately and poorly differentiated in parallel with the alphanumeric grades (G1, G2, and G3, respectively). These descriptive terms that are widely used to grade other gastrointestinal cancers seem in our experience to be particularly confusing and difficult to apply directly to mucinous tumors of the appendix. Despite the convergence of the two widely accepted classification systems of the WHO and AJCC around the idea that disseminated appendiceal mucinous tumors should be graded in order to predict clinical behavior, we feel that the lack of explicit criteria and dissimilarity in the grading schemas engenders considerable variability among pathologists over the classification of appendiceal mucinous neoplasms. In our own institution, we found that this inconsistency translated into diagnostic pathology reports that fail to covey clinically relevant information and led to considerable confusion among treating physicians.
To evaluate the utility of a criteria-based, threetier grading system as proposed by the AJCC, we have reviewed the clinicopathologic and molecular features of 219 mucinous appendiceal neoplasms from 151 patients with pseudomyxoma peritonei treated over an 8-year period at our institution. We developed criteria for AJCC grade G1, grade G2 and grade G3 disseminated mucinous appendiceal tumors that are based on morphological features and demonstrated the prognostic utility of this classification system for predicting overall survival while controlling for other prognostic variables. Last, we evaluated the complementary prognostic utility of molecular testing for loss of heterozygosity (LOH) in the context of the AJCC-based three-tier grading system.
Materials and methods

Study Group
The clinicopathologic records of 151 patients with primary mucinous neoplasms of the appendix accessioned at the Department of Pathology, University of Pittsburgh Medical Center for the years 2004-2012 were reviewed. The pathology reports and hospital charts were reviewed and the following information was obtained: type of initial surgical procedure, use of hyperthermic intraperitoneal chemotherapy at the time of surgery, the presence or absence of residual macroscopic intraperitoneal disease after initial surgical debulking procedure, and the initial pathologic diagnosis from the original Disseminated appendiceal mucinous neoplasms pathology report. Demographic, intraoperative, and clinical follow-up data were obtained from hospital and clinic charts under the guidelines of the University of Pittsburgh Institutional Review Board (IRB# PR012020335).
Pathologic Evaluation
All slides from the original surgery and subsequent procedures were reviewed. The following histologic features were recorded for each case: cytologic grade, tumor cellularity, destructive invasion, histologic pattern of destructive invasion, signet ring cell component, lymph node involvement, angiolymphatic invasion, and perineural invasion. The primary appendiceal neoplasm, when available, was also evaluated for these histologic features. The pathology review was conducted in a blinded fashion to the clinical follow-up data.
Cytologic grade was scored as low or high grade, as previously described. 8 Low grade was defined by the presence of flat strips of cells with mildly enlarged, hyperchromatic nuclei with nuclear stratification and maintenance of cell polarity without significant mitotic activity or prominent nucleoli. High grade was defined by the presence of any enlarged, vesicular nuclei with full-thickness stratification, loss of nuclear polarity, prominent nucleoli, cribriform or micropapillary growth, and increased mitotic figures, which often extended to the luminal aspect of the epithelial cell. Any tumor with signet ring cells was defined as high cytologic grade. For the purpose of subgroup analysis, we separately identified and recorded a minor subset of neoplasms with predominantly low cytologic grade that had focal areas (o10% of the total tumor) with noticeable nuclear stratification and mild to moderate nuclear enlargement that was insufficient for the designation of high cytologic grade. We provisionally classified this as 'increased proliferation' in otherwise low cytologic grade tumors.
Overall tumor cellularity was divided into three groups: acellular, low cellularity, and high cellularity. Each tumor was categorized into one of these groups based on the overall percent of tumor that contained neoplastic epithelium within mucinous deposits by visual estimation of the entire case at low-power magnification ( Â 20). Tumors labeled as acellular were composed entirely of mucin without identifiable neoplastic mucinous epithelium after extensive histologic sampling. Tumors labeled as low cellularity had neoplastic epithelium present within mucin which accounted for o20% of the mucinous component. Tumors labeled as high cellularity had neoplastic epithelium present within mucin which accounted for Z20% of the mucinous pools.
To qualify as invasion, we required the presence of unequivocal infiltration into subjacent normal tissues with the following histologic patterns: (1) infiltrating, haphazard, irregular, jagged neoplastic glands or single cells associated with desmoplastic stromal reaction, (2) expansile and confluent cribriform glandular growth, or (3) small nests, glands, or single neoplastic cells floating within small pools of mucin with or without desmoplastic stromal reaction. When present, the predominant histologic pattern of destructive invasion was recorded for each case. Neoplasms that predominantly lacked destructive invasion but demonstrated questionable and focal areas of invasion involving at most a single low-power ( Â 40) field were separately recorded and provisionally designated as having 'increased proliferation.' Importantly, the presence of neoplastic mucinous epithelium and mucin within the wall of intestinal organs or involving the spleen, ovaries, omentum, and liver parenchyma was not sufficient for a diagnosis of invasion. Appendical mucinous neoplasms frequently involve these organs and display a 'pushing' border without unequivocal, haphazard infiltration.
Signet ring cells were defined as infiltrating tumor cells with prominent intracytoplasmic mucin displacing and indenting the nucleus. Isolated degenerating mucinous neoplastic epithelial cells floating within mucin pools with signet ring cell-like morphology were not considered to represent signet ring cells. When present, the percentage of tumor composed of signet ring cells were recorded as 1-10%, 10-50%, 450-95%, and 495%.
Molecular Analysis
KRAS mutational analysis. Tumor targets were manually microdissected from 4-mm unstained histologic sections using the original hematoxylin and eosin-stained slide as a guide. DNA was isolated from each target using the DNeasy kit (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions. DNA was amplified with primers flanking exon 2 of the KRAS gene (forward primer 5 0 -GGT GAG TTT GTA TTA AAA GGT ACT GG-3 0 and reverse primer 5 0 -TCC TGC ACC AGT AAT ATG CA-3 0 ). PCR products were sequenced in both sense and antisense directions using the BigDye Terminator v3.1 cycle sequencing kit on an ABI 3130 (Applied Biosystems Inc., Foster City, CA, USA), according to the manufacturer's instructions. The sequences were analyzed using Mutation Surveyor software (SoftGenetics, LLC, State College, PA, USA). Each case was classified as positive or negative for KRAS mutation based on the sequencing results.
LOH analysis. Tumor and normal tissue targets were manually microdissected from 4-mm unstained histologic sections using the original hematoxylin and eosin-stained slide as a guide. DNA was isolated from each target using the DNeasy kit (Qiagen), according to the manufacturer's instructions. Each sample was analyzed by 16 PCR reactions for individual polymorphic microsatellites situated at nine genomic regions (1p, 3p, 5q, 7q, 9p, 9q, 10q, 17p, and 18q) in proximity to tumor suppressor genes which have previously found to be mutated in patients with disseminated appendiceal mucinous neoplasms, as previously described. 26 The Genbank accession information for the microsatellite markers and cytogenetic localization are as follows: D1S407: 1p36.21; D1S171: 1p36; D3S1539: 3p26; D3S516: 3p26; D5S1384: 5q23; D5S615: 5q23; D7S486: 7q31; D7S1530: 7q31; D9S251: 9p21; D9S1748: 9p21; D9S252: 9q24; D10S520: 10q23; D10S1173: 10q23; D17S974: 17p13; D17S1289: 17p13; D18S487: 18q21. The PCR products were analyzed by capillary electrophoresis on an ABI 3130 (Applied Biosystems). Normal tissue was examined to determine whether the patient is heterozygous for a particular marker (genetically informative) and neoplastic tissue was analyzed to detect the LOH. Allele peak heights and lengths were used to define the presence or absence of allelic loss imbalance, as previously described. 26 The fractional mutation rate was calculated for each sample and defined as the number of mutated markers divided by the total number of informative markers and expressed as a percent. A fractional mutation rate o25% was defined as low fractional mutation rate, whereas a fractional mutation rate Z25% was defined as high fractional mutation rate. 26 
Statistical Analysis
Chi-square or Fisher exact tests were used to characterize the relationship between categorical variables, as appropriate. The inter-observer reproducibility of the overall grade assessment was assessed using the kappa statistic. The end points selected for survival analysis included overall survival and time to disease progression. Overall survival was defined as the time (measured in months) from the date of initial diagnosis to the date of death and censored at the date of last clinical follow-up. Time to disease progression was defined as time (measured in months) from initial therapy to the first documented clinical evidence of progression or death and censored at the time of last clinical contact or death. Survival rates were determined by the Kaplan-Meier method and differences between groups were evaluated by log-rank test. Hazard ratios were calculated from a Cox proportional hazard model to identify individual predictors of overall survival. Multivariate analysis of significant or borderline individual risk factors (Po0.1) was performed using Cox proportional hazard regression to identify independent risk factors for overall survival. Statistical analyses were performed using SPSS (for Windows 12.0, SPSS Inc., Chicago, IL, USA).
Results
Pathologic Findings in Disseminated Mucinous Appendiceal Tumors
Identification of histologic risk factors associated with poor overall survival. A total of 219 cases from 151 patients were reviewed with a median number of 27 slides per case (range 2-77 slides). All tumors included in the study had widespread peritoneal disease beyond the right lower quadrant, hence, extent of disease could not be scored as a risk factor for survival. Tumors were classified according to the histopathologic features assessed at the time of the initial tumor debulking procedure.
The two most common adverse histologic features in the cohort of 151 patients were destructive invasion (present in 54% of tumors) and high cytologic grade (present in 50% of tumors). High tumor cellularity was seen in 44%, signet ring cells in 18%, angiolymphatic invasion in 18%, and perineural invasion in 15%. Sixty-nine cases (46%) had none of these unfavorable histologic features, 48 (32%) had 1-3 unfavorable characteristics; and 34 (23%) cases had more than three unfavorable histologic characteristics.
As expected, we found in our univariate analysis that there was a significant adverse association between all of the individual unfavorable pathologic characteristics and overall survival (Table 1 ). These Inter-observer reproducibility of overall AJCC grade assessment. All 219 cases from 151 patients were assigned an overall AJCC grade by one pathologist (RKP). For the purposes of evaluating interobserver reproducibility in overall AJCC grade assessment, one additional pathologist (JMD) evaluated overall AJCC grade for a consecutive series of pathologic slides from the initial tumor debulking procedure from 114 patients. There was exact agreement in tumor grade assessment (G1, G2, and G3) in 107/114 cases reviewed by two pathologists representing very strong inter-observer concordance (k ¼ 0.906, percent concordance 94%). All seven initially discordant grade assessments were reviewed (RKP and JMD) to establish a consensus AJCC grade. Differentiating between AJCC grade G2 and AJCC grade G3 adenocarcinoma accounted for 4/7 discordant cases. In all four cases, the presence of focal areas of mucinous neoplastic epithelial cells with signet ring cell-like morphology resulted in discordant grade assessment. For three cases, the tumor cells with signet ring cell-like morphology comprised o5% of the overall tumor. These areas were considered to represent isolated degenerating mucinous neoplastic epithelial cells floating within mucin pools within an otherwise AJCC grade G2 adenocarcinoma. For one case, the tumor cells with signet ring cell morphology accounted for 10-20% of the overall tumor and demonstrated infiltration into subjacent stroma; this tumor was classified as AJCC grade G3 adenocarcinoma.
Differentiating between AJCC grade G1 and AJCC grade G2 adenocarcinoma accounted for 3/7 discordant cases. For all three cases, there was disagreement in the assessment of invasion. For two cases, a focal area of questionable invasion involving a single low-power ( Â 40) field was identified; these two cases were classified as AJCC grade G1 neoplasms with increased proliferation.
Pathologic findings in disseminated low-grade mucinous neoplasm (AJCC Grade G1). A total of 69 patients had low-grade mucinous neoplasms (AJCC grade G1) at the time of initial surgery ( Table 2 ) with 27 patients having subsequent tumor resections available for review following the initial surgical debulking attempt. These tumors were characterized by a predominance of copious extracellular mucin within the peritoneal cavity ( Figure 1a ). Neoplastic mucinous epithelium accounted for o20% of the mucinous component of the tumor. Most tumors (64/69, 93%) demonstrated strips and clusters of mucinous epithelium with low cytologic grade within large mucin pools (Figure 1b) . A small subset of cases (5/69, 7%) were composed entirely of acellular mucinous peritoneal deposits after extensive histologic evaluation for a cellular component.
Lymph node involvement was very rare in lowgrade tumors in comparison with high-grade tumors (Table 2) . A single case (1/69, 1%) demonstrated involvement of a single lymph node. By definition, the tumor lacked any other adverse histologic features. The patient had history of recent abdominal surgery and the lymph node involvement was thought to represent tumor dissection into a lymph node likely related to the patient's previous surgery rather than a lymphatic metastasis.
Eight of 69 tumors (12%) were predominantly low grade but demonstrated focal areas with increased nuclear atypia or a questionable microscopic focus of invasion and were designated as having 'increased proliferation.' There were three tumors with predominantly low cytologic grade but they had focal areas with increased cytologic atypia including mild nuclear enlargement and nuclear stratification, insufficient for a diagnosis of high cytologic grade (Figure 1c ). In five cases, there was a focal microscopic area exhibiting small mucin pools with floating clusters of neoplastic mucinous epithelium with low cytologic grade that raised concern for, but was not diagnostic of, destructive stromal invasion (Figures 1e and f) . In three cases, the areas concerning for invasion were within the small bowel muscularis propria. In the remaining two cases, these foci were within the omentum.
The primary appendix was available for review in 34 of 69 patients (49%) with disseminated AJCC grade G1 neoplasms. In 32 of 34 cases, the primary appendix lacked all adverse histologic features. However, in two cases, the primary neoplasm within the appendix demonstrated focal areas with sufficient nuclear features to warrant the designation of high cytologic grade; however, the primary neoplasm did not demonstrate any additional adverse histologic features. In both of these cases, the peritoneal disease was composed exclusively of low cytologic grade and low-cellularity disease without any adverse histologic features.
Pathologic findings in disseminated high-grade mucinous adenocarcinoma (AJCC Grade G2). A total of 55 patients comprise this group (Table 2) with 18 patients having subsequent tumor resections available for review following the initial surgical debulking attempt. By definition, highgrade mucinous adenocarcinomas (AJCC grade G2) demonstrated at least one adverse histologic feature but lacked a signet ring cell component. The tumors from these 55 patients demonstrated the following number of adverse histologic features: 1 adverse feature, 4 patients (7%); 2 adverse features, 12 patients (22%); 3 adverse features, 31 patients (56%); 4 adverse features, 7 patients (13%); and 5 adverse features, 1 patient (2%). The most frequent adverse histologic features observed in the initial surgical specimens from the 55 patients were destructive invasion (98%), high cytologic grade (87%), and high tumor cellularity (75%) (Figures 2  and 3 ). When present, destructive invasion and high tumor cellularity were identified in the majority of the tumor. However, with respect to cytologic grade, some neoplasms were heterogeneous showing areas with low cytologic grade admixed with areas demonstrating high cytologic grade ( Figure 3 ). Angiolymphatic invasion (15%) and perineural invasion (5%) were relatively infrequent and were always accompanied by one or more of the other more commonly observed adverse histologic features. Lymph node involvement was seen in 9/54 Disseminated appendiceal mucinous neoplasms (17%) of high-grade mucinous adenocarcinomas, more frequently than AJCC grade 1 tumors (P ¼ 0.005, Table 2 ). There were four high-grade mucinous adenocarcinomas with only one adverse histologic feature, three displayed only destructive invasion and one tumor demonstrated only high cytologic grade. There were 12 tumors demonstrating two adverse histologic features, all had both destructive invasion and high cytologic grade. The small mucin pool pattern was the predominant pattern of invasion in 33/55 (60%) of high-grade mucinous adenocarcinomas and was characterized by small nests, glands, or single neoplastic cells floating within small pools of mucin with or without a desmoplastic stromal reaction (Figure 2 ). Infiltrating tubules or single cells with a desmoplastic stromal reaction was the predominant pattern of invasion in 15/55 (27%) of cases, whereas a complex cribriform growth pattern was observed as the predominant pattern of invasion in 6/55 (11%) of cases ( Figure 2 ). In addition to the predominant pattern of invasion, 28 cases (51%) demonstrated secondary pattern(s) of invasion accounting for a minor component of the invasive tumor, most frequently complex cribriform architecture (13 cases) or infiltrating tubules or single cells within a desmoplastic stroma (12 cases).
The primary appendix was available for review in 18 of 55 patients (33%). Fourteen of 18 primary appendiceal neoplasms demonstrated destructive invasion, although the four primary tumors lacking invasion were not entirely submitted for histologic evaluation. The most common pattern of invasion was the small mucin pool pattern seen in 6/14 (43%) cases while infiltrating tubules with a desmoplastic reaction was the predominant pattern in 5/14 (36%) and complex cribriform growth was the predominant pattern in 3/14 (21%) cases. The same cytologic grade was observed in the primary appendiceal neoplasm and the peritoneal tumor deposits in 16/ 18 (89%) cases. In two cases, the primary neoplasm demonstrated low cytologic grade (Figure 4) , whereas the disseminated peritoneal neoplasm was high grade, although the entire appendix was not submitted for histologic review in either case. Angiolymphatic invasion (3/18, 17%) and perineural invasion (2/18, 11%) were infrequently identified in the primary neoplasm.
Pathologic findings in disseminated high-grade mucinous adenocarcinoma with signet ring cells (AJCC Grade G3). A total of 27 patients had a signet ring cell component in their resected tumor ( Table 2 ). The majority (17/27, 63%) of cases were pure signet ring cell carcinoma, composed of 495% signet ring cells ( Figure 5 ). The remainder (10/27, 37%) contained both mucinous and signet ring cell components: eight cases with between 50 and 95% signet ring cells and two cases with between 10 and 50% signet ring cells ( Figure 5 ). All AJCC grade G3 adenocarcinomas demonstrated destructive invasion usually characterized by an infiltrating single cell pattern (20/27, 74%). Compared with AJCC grade G2 adenocarcinomas, grade G3 adenocarcinomas more frequently had lymph node involvement (72 vs 17%, Po0.001), angiolymphatic invasion (70 vs 15%, Po0.001), and perineural invasion (70 vs 5%, Po0.001).
The primary appendix was available for review in 12/27 cases (44%). All 12 cases demonstrated infiltrating signet ring cells within the primary appendiceal neoplasm. In 11/12 cases, the appendix was almost entirely obliterated with minimal to no residual mucosa present for evaluation of a precursor mucinous lesion; one case had neoplastic mucinous lesion present within the appendiceal mucosa. In 2/12 cases, areas histologically diagnostic of goblet cell carcinoid and confirmed by synaptophysin immunohistochemistry were present associated with the infiltrating signet ring cell adenocarcinoma. An additional four cases without diagnostic histologic features of goblet cell carcinoid had synaptophysin immunohistochemistry performed with two cases demonstrating weak, focal staining within the infiltrating signet ring cells and two cases lacking synaptophysin staining. Angiolymphatic invasion (9/12 cases, 75%) and perineural invasion 10/12 (83%) were quite common in the primary appendiceal tumors associated with AJCC grade G3 metastatic disease.
Comparison of Three-Tier Grading with Original Diagnostic Terminology: Toward Simplified Communication of Prognostic Information
One of the primary motivations for this study was to simplify the diagnostic terminology so that the pathologic diagnosis would convey all relevant prognostic information to the treating physician. To illustrate how a three-tier grading system based on the presence of histologic risk factors can reduce the complexity of diagnostic terminology, we compared the original diagnostic terminology in use in our own institution over an 8-year period with the final grade from this study (Table 3) . A total of 95 specimens from 69 patients were classified as lowgrade mucinous neoplasm (AJCC grade G1) in the current study. The original pathology reports used a wide variety of diagnostic terminology to classify the initial tumor resection and follow-up surgical resections. Most cases (62%) we classified as low grade were diagnosed as either low-grade mucinous neoplasms or disseminated peritoneal adenomucinosis. However, 31% of cases were diagnosed as well-differentiated/low-grade mucinous adenocarcinoma without a clear indication of how this diagnosis differed from a low-grade mucinous neoplasm/disseminated peritoneal adenomucinosis in the diagnostic pathology report. A small subset was diagnosed as moderately differentiated/intermediate-grade adenocarcinoma (3%) or high-grade mucinous adenocarcinoma (4%) based on cytologic grade that was incorrectly classified as high grade.
Including both the initial and follow-up tumor resections, a total of 92 cases were classified as highgrade mucinous adenocarcinoma (AJCC grade G2) in the current study. The most common diagnosis employed in the original pathology report for AJCC grade G2 mucinous adenocarcinomas was welldifferentiated/low-grade mucinous adenocarcinoma (36%) ( Table 3) . Twenty-six percent of AJCC grade G2 adenocarcinomas were originally diagnosed as high-grade mucinous adenocarcinomas, whereas 21% were diagnosed as mucinous adenocarcinoma without any further characterization. Fourteen percent of these cases were classified as moderately differentiated/intermediate-grade mucinous adenocarcinoma. Three tumors (3%) were originally diagnosed as low-grade mucinous neoplasms.
Overall, including both the initial and follow-up tumor resections, a total of 32 individual cases were classified as high-grade mucinous adenocarcinoma with signet ring cells (AJCC grade G3) in the current study. In all cases, the original diagnosis was highgrade/poorly differentiated adenocarcinoma with 31/32 cases commenting in the original pathology report on the presence of a signet ring cell component. Table 3 Comparison of tumor classification in current study to original diagnostic terminology in the pathology report 
Molecular Analysis of Disseminated Appendiceal Mucinous Neoplasms
KRAS mutation analysis. KRAS exon 2 mutation analysis was performed in 150 patients (Table 4) . KRAS mutation was identified in 61% of AJCC grade G1 neoplasms and 72% of AJCC grade G2 adenocarcinomas but in only 19% of AJCC grade G3 (Po0.001). The KRAS mutations stratified by overall grade were as follows: AJCC grade G1, 28 Gly12Asp, 13 Gly12Val, and 1 Gly13Asp; AJCC grade G2, 23 Gly12Asp, 9 Gly12Val, 2 Gly12Ser, 1 Gly12Cys, and 4 Gly13Asp; and AJCC grade G3: 3 Gly12Asp and 2 Gly12Val. Notably, all AJCC grade G3 adenocarcinomas composed of 495% signet ring cells lacked a KRAS mutation.
LOH analysis. The fractional mutation rate is the proportion of chromosomal loci with allelic imbalance (LOH). 26 Data were available to calculate this metric in 141 patients (Table 4) . Most cases (107/141, 76%) demonstrated a low fractional mutation rate. However, a high fractional mutation rate was more frequently observed in AJCC grade G2 (16/51, 31%) and grade G3 (9/24, 38%) adenocarcinomas compared with lowgrade AJCC grade G1 neoplasms (9/66, 14%) (P ¼ 0.02). Two chromosomal loci showed at least a trend toward a higher frequency of LOH in high-grade (AJCC grade G2 or G3) tumors. A significantly higher proportion of AJCC grade G2 (13/51, 25%) and grade G3 (6/27, 22%) demonstrated LOH at chromosome 18q compared with AJCC grade G1 tumors (5/55, 8%) (P ¼ 0.02). At chromosome 17p, 13/51 (25%) of AJCC grade G2 and 9/33 (22%) AJCC grade G3 had LOH, compared with 15% of AJCC grade G1 neoplasms (P ¼ 0.07). There was no significant difference in the frequency of LOH at 1p, 3p, 5q, 7q, 9q, 9p, and 10q across tumor grade groups.
Comparison of Treatment Approach and Completeness of Initial Surgery in Patients Stratified by Tumor Grade
There was no significant difference in the frequency with which patients received hyperthermic intraperitoneal chemotherapy after surgical debulking when patients were stratified by tumor grade. Surgical debulking with hyperthermic intraperitoneal chemotherapy was performed in 61/69 (88%) patients with low-grade mucinous neoplasms (AJCC grade G1), in 42/55 (76%) patients with high-grade (AJCC grade G2) mucinous adenocarcinoma and 21/ 27 (77%) patients with high-grade (AJCC grade G3) mucinous adenocarcinoma with signet ring cells. Surgical debulking without hyperthermic intraperitoneal chemotherapy was performed in 7/69 (10%) patients with low-grade (AJCC grade G1) disease, 6/ 55 (11%) patients with high-grade (AJCC grade G2) adenocarcinoma, and 3/27 (11%) patients with high-grade (AJCC grade G3) adenocarcinoma. There was a slightly higher likelihood of a patient undergoing a limited resection with neither aggressive debulking nor hyperthermic intraperitoneal chemotherapy if they had a high-grade tumor: only 1/ 69 (1%) AJCC grade G1 neoplasm was treated in this way; whereas this treatment was employed for 7/55 (13%) AJCC grade G2 adenocarcinomas and 3/27 (11%) AJCC grade G3 adenocarcinomas (P ¼ 0.04).
Data on the macroscopic completeness of the original debulking operation were available in 142/ 151 (94%) of cases ( Table 2 ). All macroscopic disease was resected in the initial operation in approximately half of cases and no significant difference in the frequency of an R0 resection was achieved when comparing patients stratified by tumor grade ( Table 2) .
Analysis of Overall Survival Differences: Tumor Grade is an Independent Predictor of Overall Survival
A total of 141 of 151 patients had clinical follow-up data, including 65/69 patients with low-grade (AJCC grade G1) tumors, 50/55 patients with high-grade (AJCC grade G2) mucinous adenocarcinoma, and 26/ 27 patients with high-grade (AJCC grade G3) mucinous adenocarcinoma with signet ring cells. The median follow-up interval was 94 months from the time of initial diagnosis. In the entire cohort, there were 55 deaths occurring between 3 months and 204 months from the time of initial diagnosis. Using Kaplan-Meier survival functions to compare patients based on tumor grade, patients with AJCC grade G1 neoplasms had significantly longer overall survival in comparison to patients with AJCC grade G2 mucinous adenocarcinomas (Po0.0001) and AJCC grade G3 mucinous adenocarcinoma with signet ring cells (Po0.0001) (Figure 6 ). The 5-year survival rate for patients with AJCC grade G1 neoplasms was 91%, compared with 61% for patients with AJCC grade G2 adenocarcinoma and 23% for patients with AJCC grade G3 adenocarcinoma with signet ring cells. When comparing high-grade (grades G2 and G3) tumors only, we saw a statistical trend toward worse survival outcomes for patients with AJCC grade G3 mucinous adenocarcinoma with signet ring cells compared with AJCC grade G2 mucinous adenocarcinomas (P ¼ 0.07).
Patients with AJCC grade G2 mucinous adenocarcinoma and AJCC grade G3 mucinous adenocarcinoma with signet ring cells had a significantly shorter time to progression compared with AJCC grade G1 neoplasms (Po0.001 for each). No significant difference in time to progression was identified between patients with AJCC grade G2 and AJCC grade G3 adenocarcinomas (P ¼ 0.20, log rank test).
Using Cox proportional hazards modeling, we evaluated the association of pathologic, molecular, and clinical factors with survival after initial therapy (Table 5 ). High tumor grade was associated with a 4.6-fold (AJCC grade G2) or 8.2-fold (AJCC grade G3) increased risk of death relative AJCC grade G1. Lymph node involvement was also a poor prognostic factor in the univariate analysis (Po0.001). At the molecular level, a high fractional mutation rate was a significant adverse risk factor for overall survival (P ¼ 0.001), but the presence of KRAS mutation was not. Of the clinical variables we evaluated, use of hyperthermic intraperitoneal chemotherapy therapy was associated with a 70% reduction in the risk of death (Po0.001) in the univariate analysis. The presence of any macroscopic residual disease did not influence survival. Increasing age and male sex were borderline risk factors (Table 5) .
In the multivariable analysis that included all variables with at least borderline association with survival (Po0.1) from the univariate analysis, only AJCC grade was an independent predictor of overall survival (Table 5) . A diagnosis of AJCC grade G2 was associated with a 2.7-fold increased risk of death and a diagnosis of AJCC grade G3 was associated with a 5.1-fold increased risk of death when controlling for patient age, sex, lymph node involvement, high fractional mutation rate, and use of hyperthermic intraperitoneal chemotherapy at initial treatment (Table 5) .
Fractional Mutation Rate May Identify Differences in Outcome in High-Grade (Grades G2 and G3) Mucinous Adenocarcinomas
Tumors with a high frequency of chromosomal LOH (fractional mutation rate Z25%) had a 2.8-fold increased risk of death in comparison to those with a low fractional mutation rate in univariate analysis (P ¼ 0.001), but the multivariable analysis showed that its influence on survival is not independent of other risk factors (Table 5) . We therefore considered whether this molecular characteristic could be combined with AJCC grade to predict survival in patients with high-grade tumors (AJCC grades G2 or G3) due to their borderline difference in survival. We found that among high-grade tumors, a high fractional mutation rate was associated with poor prognosis (HR, 2.0; 95% confidence interval (CI), 1.04-3.85, P ¼ 0.039). Hyperthermic intraperitoneal chemotherapy was also associated with better prognosis in the high-grade subgroup (HR, 0.44; 95% CI, 0.22-0.88). The limited number of cases precluded a multivariable analysis of prognostic factors in the high-grade subgroup.
Clinical Outcome of Relevant Histopathologic Subgroups
Disseminated low-grade mucinous neoplasms (AJCC Grade G1) with progression to high-grade mucinous adenocarcinoma (AJCC Grade G2). Seven patients initially presented with AJCC grade G1 neoplasms but subsequently developed progressive disease and had high-grade (AJCC grade G2) mucinous adenocarcinoma diagnosed on subsequent surgical Figure 6 Kaplan-Meier survival curve comparing the overall survival of patients with disseminated low-grade mucinous neoplasm (AJCC grade G1), high-grade mucinous adenocarcinoma (AJCC grade G2), and high-grade mucinous adenocarcinoma with signet ring cells (AJCC grade G3). Patients with AJCC grade G2 and grade G3 mucinous adenocarcinomas had a statistically worse overall survival compared with AJCC grade G1 neoplasms (Po0.0001 for each). A trend to reduced survival for patients with AJCC grade G3 mucinous adenocarcinoma compared with patients with AJCC grade G2 mucinous adenocarcinoma was identified (P ¼ 0.07).
resections. None of the AJCC grade G1 in our series progressed to AJCC grade G3 adenocarcinomas with a signet ring cell component. Destructive invasion was a histologic finding that warranted a diagnosis of AJCC grade G2 in all seven patients; high cytologic grade contributed to the diagnosis in three patients and high tumor cellularity in four patients. The time to progression to AJCC grade G2 mucinous adenocarcinoma ranged from 9 months to 43 months. Of the seven patients, two died of disease at 101 months and 86 months after presentation with the remaining five patients alive at last followup. However, patients with grade G1 to G2 progression had no significant difference in overall survival compared with patients with stable low-grade disease with recurrence or no recurrence (HR 1.1; 95% CI 0.5-2.3). Although, by definition all those with progression to AJCC grade G2 mucinous adenocarcinoma had disease progression, the time to progression was accelerated in patients who developed high-grade disease in comparison to patients with low-grade disease who progressed with stable tumor grade (HR 1.9; 95% CI 1.3-3.0).
Disseminated low-grade mucinous neoplasms (AJCC Grade G1) with increased proliferation. Eight patients had tumors which were predominantly low-grade but exhibited focal areas of increased proliferation. Clinical follow-up was available for seven patients. None of the seven patients progressed to high-grade mucinous adenocarcinoma during the follow-up period or died of disease at last clinical follow-up. However, four of seven patients (57%) developed tumor recurrence by 3 years after the initial surgical debulking operation. Patients with AJCC grade G1 neoplasms with increased proliferation had a trend to accelerated time to progression compared with patients with other low-grade neoplasms, although this did not reach statistical significance (HR 2.4; 95% CI 0.82-7.2). Given the small number of cases, we are unable to determine whether there are other factors confounding this association (eg presence of residual tumor after initial debulking and hyperthermic intraperitoneal chemotherapy).
Disseminated low-grade mucinous neoplasms (AJCC Grade G1) with acellular mucin only. Of the 65 patients with low-grade mucinous neoplasms (G1), 5 had peritoneal tumor composed entirely of acellular mucin and none of the 5 patients died or developed recurrent disease at last follow-up (median follow-up 32 months, range 1-44 months).
High-grade mucinous adenocarcinoma (AJCC Grade G2) and the number of adverse histologic features. When considering all cases (including AJCC grades G1, G2, and G3), the total number of unfavorable or adverse histologic characteristics (high cytologic grade, destructive, invasion, signet ring cells, angiolymphatic invasion, and perineural invasion) was a strong adverse prognostic factor, similar to AJCC grade (Po0.001, data not shown). Although there was considerable variation in the number of adverse histologic characteristics among AJCC grade G2 mucinous adenocarcinomas, the number of adverse histologic features did not significantly affect overall survival or time to progression. In other words, patients with AJCC grade 2 mucinous adenocarcinoma with one or two adverse histologic features had a similarly reduced overall survival compared with patients with AJCC grade G2 mucinous adenocarcinomas with Z3 adverse histologic features.
Mixed high-grade (AJCC Grade G3) versus pure signet ring cell adenocarcinoma (AJCC Grade G3).
The high-grade mucinous adenocarcinoma subgroup with signet ring cells (AJCC grade G3) was heterogeneous with respect to the fraction of the tumor exhibiting signet ring cell features. Although AJCC grade G3 carried a poor prognosis relative to AJCC grade G1 (Table 5) , there was no significant difference in overall survival or time to progression between patients who had mixed mucinous/signet ring cell adenocarcinoma (N ¼ 11) and patients who had pure (495%) signet ring cell adenocarcinoma (N ¼ 15), (P40.05 for both).
Discussion
The purpose of our study was not to introduce another classification system for appendiceal mucinous neoplasms and add to the existing confusion in the literature. Instead, the intent of our analysis was to evaluate histopathologic criteria for the threetiered AJCC grading system for disseminated mucinous appendiceal neoplasms and validate its prognostic utility. For the most part, we evaluated prognostically unfavorable histologic characteristics that have been described in the literature. We validated the prognostic significance of these individual criteria and then proposed definitions of AJCC grade G1, G2 and G3 for disseminated appendiceal mucinous neoplasms based on these criteria. The results of our analysis demonstrate that evaluation and reporting of these adverse histologic features allows for the separation of disseminated mucinous neoplasms into three morphologically defined prognostic groups as adopted by the AJCC.
The distinction between low-grade (AJCC grade G1) and high-grade (AJCC grades G2 and G3) tumors is of critical importance in guiding patient therapy. At our institution, patients with low-grade (grade G1) mucinous neoplasms are generally treated with a combined modality strategy including surgical cytoreduction and intraperitoneal chemotherapy. In contrast, those patients with highgrade (grades G2 or G3) mucinous adenocarcinomas are often given systemic neoadjuvant chemotherapy in an attempt to reduce tumor volume with the option for cytoreductive surgery and intraperitoneal chemotherapy after assessment of tumor response to systemic chemotherapy. 22 Our current study highlights that most pathologists continue to have difficulty in subclassifying disseminated appendiceal neoplasms into prognostically relevant categories. The most difficult distinction is between low-grade (grade G1) mucinous neoplasm and high-grade (grade G2) mucinous adenocarcinoma. In our study patients, the original diagnostic pathology reporting demonstrated significant overlap of the reported diagnosis between tumors re-classified as low grade (grade G1) and high grade (grade G2) with no clear description of the histologic features used in establishing the diagnosis in the original pathology reports. The AJCC uses standard colorectal diagnostic terminology (well-, moderately-, and poorly differentiated) to describe the three grades of mucinous appendiceal neoplasms. Standard grading of colorectal and other gastrointestinal malignancies is almost entirely dependent upon tumor architecture. For instance, the presence of solid or single-cell infiltrating growth patterns within 450% of the tumor is required to classify an adenocarcinoma as high grade, according to the WHO. Our data suggests that this system is inadequate for appendiceal mucinous neoplasms because important morphologic variables are not considered. On the basis of the clinical outcome data of the patients in our study, the evaluation for and reporting of a limited number of histologic features including destructive invasion, cytologic grade, tumor cellularity, angiolymphatic and perineural invasion, and signet ring cells allows for the separation of disseminated appendiceal mucinous into the three prognostically relevant groups as adopted by the AJCC. Importantly, we demonstrate that separation of disseminated appendiceal mucinous neoplasms into the three AJCC grades is highly reproducible as these adverse histologic features often co-vary. That is, neoplasms with high cytologic grade will often demonstrate other adverse histologic features such as invasion and high tumor cellularity. Our results indicate that the convincing presence of at least one adverse histologic feature is sufficient to label the neoplasm as high-grade mucinous adenocarcinoma and that this designation conveys a significant risk of aggressive clinical behavior and worse overall survival.
Low-Grade Mucinous Neoplasm/Adenocarcinoma (AJCC Grade G1)
Low-grade mucinous neoplasm/adenocarcinoma, AJCC grade G1, would encompass those cases previously classified as disseminated peritoneal adenomucinosis by Ronnett et al 10, 11 and those cases classified as low-grade mucinous carcinoma peritonei by Bradley et al. 7 Low-grade mucinous neoplasm and low-grade mucinous adenocarcinoma are equally acceptable and interchangeable diagnostic terms. In our practice, we have elected to employ low-grade mucinous neoplasm as the preferred diagnostic terminology to avoid confusion with gland-forming high-grade adenocarcinomas. Regardless of the terminology employed, the important information to be conveyed is the absence of any adverse histologic features in lowgrade (AJCC grade G1) tumors. The overall 5-year survival for patients with low-grade tumors in our series of 91% is slightly higher than the 63-86% range reported in the literature, 6, 7, [9] [10] [11] although direct comparisons are difficult given the heterogeneous therapeutic protocols employed and the inclusion of non-appendiceal primary neoplasms in some studies. 10, 11 The 10-year survival in our series of 46% is similar to the 45-68% rate reported in the literature. 9, 10, 15 When evaluating for adverse histologic features, the most difficult histologic assessments are for (1) destructive invasion within neoplasms that have already widely disseminated within the peritoneal cavity and (2) cytologic grade. Low-grade tumors frequently dissect into the wall of intestinal organs and involve the spleen, pancreas, ovaries, omentum, and liver parenchyma. However, the presence of neoplastic mucinous epithelium and mucin within these organs is not sufficient for a diagnosis of destructive invasion as these tumors typically display a 'pushing' border without unequivocal, haphazard infiltration. Nuclear grade can also be difficult to assess in disseminated mucinous neoplasms for a variety of reasons including (1) associated inflammatory reaction raising the possibility of superimposed reactive epithelial changes versus high cytologic grade, (2) heterogeneity of nuclear features within a given tumor, and (3) nuclear features which span the spectrum of lowand high-grade making definitive assessment of grade difficult. In our series, 12% of low-grade tumors had either a questionable microscopic area of destructive invasion or nuclear atypia beyond that typical for low nuclear grade but insufficient for an unequivocal label of high-nuclear grade accounting for o10% of the tumor. This subgroup of patients likely corresponds to the peritoneal mucinous carcinomatosis-intermediate category described by Bradley et al. 7 Bradley et al identified 20 patients with peritoneal mucinous carcinomatosis-intermediate category and found no significant difference in overall survival between patients with peritoneal mucinous carcinomatosis-intermediate category and patients with disseminated peritoneal adenomucinosis. 7 Similarly, in our series, there was no significant difference in overall survival for this group of patients compared with other patients with low-grade mucinous neoplasms. Ronnett et al 10, 11 also identified a subgroup of patients with peritoneal mucinous carcinomatosis-intermediate category; however, their results are difficult to compare with our series as non-appendiceal mucinous neoplasms were also included in their analysis and patients with discrepant histology were combined with patients with peritoneal mucinous carcinomatosis-intermediate category in their survival analysis. In our practice, we have provisionally labeled tumors with questionable microscopic areas of invasion and/or focal nuclear atypia beyond that typical for low cytologic grade as predominantly low grade (AJCC grade G1) with focal areas of increased proliferation and provide a descriptive comment on the histologic features warranting this diagnosis. These patients may benefit from close clinical surveillance as our data suggest that they may recur more rapidly.
In our series, 7% of patients with low-grade mucinous neoplasms had disseminated appendiceal mucinous neoplasms composed entirely of acellular mucinous deposits within the peritoneal cavity despite extensive histologic sampling and evaluation for neoplastic mucinous epithelium. None of these patients developed recurrent disease during clinical follow-up suggesting that these neoplasms have a relatively indolent clinical course. In their analysis, Young et al 5 identified five patients with acellular peritoneal disease; four of the patients were without evidence of disease recurrence at last follow-up (range 1-8 years). One patient in their series developed disease recurrence 18 years after initial presentation. Along with our data, the limited literature data suggest that patients with acellular peritoneal mucin have a much lower risk of disease recurrence and have an improved overall survival compared with those patients with cellular low-grade disease.
High-Grade Mucinous Adenocarcinoma (AJCC Grade G2)
High-grade mucinous adenocarcinoma demonstrates at least one adverse histologic feature but lacks a signet ring cell component. In our series, patients with high-grade mucinous adenocarcinoma (AJCC grade G2) had a significantly worse overall survival in comparison to patients with low-grade (AJCC grade G1) tumors. The overall 5-year survival in our series of 61% is slightly higher than the 23-44% reported in the literature; 6,7,9-11 however, these prior literature reports combined adenocarcinomas with and without a signet ring cell component into one diagnostic category precluding a direct comparison. Our results demonstrate that the number of adverse histologic features identified within a neoplasm does not alter prognosis as no difference in overall survival was identified between patients with adenocarcinomas demonstrating one or two adverse histologic features and those with adenocarcinomas demonstrating Z3 adverse histologic features.
The most frequent adverse histologic features identified were destructive invasion (98%), high cytologic grade (87%), and high tumor cellularity (75%). Histologic assessment for destructive invasion within disseminated neoplasms can be difficult. A unique pattern of invasion in appendiceal mucinous adenocarcinoma that is often overlooked is the presence of small epithelial clusters with or without tubule formation floating in small pools of mucin invading through the subjacent normal tissues but not necessarily eliciting stromal desmoplasia. In our series, this pattern of invasion was identified in the majority (60%) of high-grade mucinous adenocarcinomas. Cytologic grade within a disseminated appendiceal mucinous neoplasms can be heterogeneous with areas of low cytologic grade admixed with areas of unequivocal high cytologic grade, and this heterogeneity highlights the need for generous sampling of peritoneal tumor deposits for histologic evaluation. Finally, we assessed for tumor cellularity using a cut point of Z20% to label tumors as highly cellular. With the exception of Misdraji and colleagues who qualitatively described disseminated tumors as scant to moderately cellular versus highly cellular, assessment of tumor cellularity has not been included in most previous clinicopathologic studies of disseminated appendiceal mucinous neoplasia. 8, 9, 11 Assessment of overall cellularity is best performed with review of the entire case and is best determined at low-power ( Â 20) magnification. In our series, the distinction between low-and high-cellularity neoplasms was not usually difficult. Neoplasms with high cellularity demonstrated numerous epithelial cell clusters within mucin pools easily visible at low-power magnification, as depicted in Figure 2a . The low-power assessment of cellularity is often the first histologic clue to the diagnosis of a high-grade (grade G2) mucinous adenocarcinoma. Importantly, in our series, all high-grade (AJCC grade G2) mucinous adenocarcinoma demonstrating high cellularity also demonstrated destructive invasion and/or high cytologic grade.
High-Grade Mucinous Adenocarcinoma with Signet Ring Cells (AJCC Grade G3)
This group represents a heterogeneous group of appendiceal adenocarcinomas that have in common the presence of a signet ring cell component. Compared with patients with high-grade mucinous adenocarcinoma without a signet ring cell component (AJCC grade G2), patients with high-grade mucinous adenocarcinoma with signet ring cells had a trend toward worse overall survival. Most tumors (63%) that we included in the AJCC grade G3 category were composed of 495% signet ring cells. A minority of cases (37%) displayed a mixed mucinous and signet ring cell morphology with 410% signet ring cell component with infiltration into subjacent normal tissues. Although interobserver agreement on overall grade was very high, the presence of focal areas (o10% of the tumor area) with signet ring cell-like morphology often floating in mucin pools was the most frequent reason for a discordant grade assessment between AJCC grade G2 and grade G3. Because these were small foci that could represent degenerating neoplastic mucinous epithelial cells rather than a true signet ring cell component, we elected to assign an overall AJCC grade G2 to such neoplasms. Supporting the inclusion of these cases in the AJCC grade G2 category is the frequent presence of a KRAS mutation in these tumors (3/3, 100%) which was often seen in AJCC grade G2 adenocarcinomas but infrequently identified in AJCC grade G3 adenocarcinomas. Our experience suggests that it may be helpful for the purposes of diagnostic reproducibility to require more than focal (eg 410%) signet ring cells to qualify as AJCC grade G3.
Two patients in our series had metastatic tumor deposits composed of pure (495%) signet ring cells and also harbored a primary appendiceal adenocarcinoma associated with a goblet cell carcinoid (mixed adenoneuroendocrine carcinoma or adenocarcinoma ex goblet cell carcinoid). 24 This suggests that goblet cell carcinoids may represent the precursor lesion for a subset of these adenocarcinomas. Supporting this notion is our finding that relatively few adenocarcinomas with signet ring cells in our study had mutations in KRAS in comparison to AJCC grade G2 adenocarcinomas. Previous studies have shown that goblet cell carcinoid tumors seldom harbor KRAS mutations. 27, 28 Unfortunately, in most cases in our series, the appendix was entirely obliterated by infiltrating adenocarcinoma precluding assessment for a precursor lesion.
Molecular Comparison of Disseminated Appendiceal Mucinous Neoplasms by AJCC Grade
Our analysis demonstrates that KRAS mutations are frequently identified in 61% of disseminated lowgrade (grade G1) mucinous neoplasms and 72% of high-grade mucinous adenocarcinoma (grade G2), most frequently in codon 12. Most previous studies have identified KRAS mutation in a high proportion of disseminated low-grade mucinous neoplasms. 4, 29 The frequent presence of activating KRAS mutations in disseminated mucinous neoplasms arising from the appendix is not surprising given that KRAS mutations have been identified in between 41 and 100% appendiceal mucinous adenomas 4, 29, 30 which are the presumed precursor lesion to disseminated neoplasms. Notably, none of the high-grade mucinous adenocarcinomas with signet ring cells (grade G3) composed of a pure (495%) signet ring cell component harbored a KRAS mutation suggesting that the underlying genetic events leading to carcinogenesis are different for grade G3 adenocarcinomas.
We have routinely performed LOH analysis on disseminated appendiceal mucinous neoplasms at our institution, and our treating clinicians have used the fractional mutation rate, along with pathologic classification, to assess prognosis based on the results of a previous retrospective study. 26 Our current, prospectively collected molecular data confirm the results from the previous study: highgrade mucinous adenocarcinomas (grades G2 and G3) more frequently accumulate allelic loss and mutational damage compared with low-grade (Grade G1) tumors. We found that the presence of high frequency LOH (fractional mutation rate Z25%) is also associated with poor survival. Although this difference in survival was not independent of overall AJCC tumor grade, our data suggest that quantification of genomic alterations (aneuploidy) may help identify differences in prognosis among high-grade tumors.
In summary, evaluation for and reporting of a limited number of adverse histologic features allows for the separation of disseminated mucinous neoplasms into the three-tiered classification adopted by the AJCC. Regardless of the eventual diagnostic terminology employed, this limited set of histologic features is important information that should be conveyed to treating clinicians in diagnostic pathology reports. Our results demonstrate that the overall AJCC grade (G1, G2, and G3) that is based on assessment for adverse histologic features is the single most important prognostic factor for patients. At our institution, we have elected to include a description of these histologic features in all of our diagnostic reporting of disseminated appendiceal mucinous neoplasms in an effort to standardize our diagnostic reporting and to minimize confusion among pathologists and treating clinicians.
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